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ABSTRACT
Mechanical fuel reduction projects are finding increasing use to reduce
accumulation of biomass in dense forests, to reduce fire danger, and to improve forest
health in wildland-urban interface areas. In many projects, biomass resulting from the
thinning is chipped and applied as mulch to the treated area in an effort to promote
reestablishment of herbaceous cover and as an efficient method of disposal. Changes in
overstory composition coupled with the instantaneous introduction of a litter layer may
dramatically alter the ecohydrology of these water-limited systems. However, the effects
of various fuel reduction techniques on the ecology and hydrology of Southwestern
woodlands are largely unknown.
This paper presents results of an investigation of edaphic and vegetative responses
to a fuel reduction project in piñon-juniper woodlands in central New Mexico. Using
paired plots in mulched and un-mulched patches, the vegetation changes over one year
following a thinning project were measured. Vegetative cover was not significantly
impacted by mulch application at any layer. In addition, no significant differences were
observed in herbaceous plant diversity and the relative cover of nonnative species was
similar. However, a large increase in soil moisture under mulched patches indicated a
considerable change in soil water content which may support additional plant biomass or
potentially contribute to deep drainage beyond the root zone. Soil temperature was less
variable and significantly lower, by as much as 20oC, under the wood mulch. Erosion
from mulched patches, based on MSLE predictions, was approximately three times less
than adjacent, un-mulched areas. Although there were no significant differences in initial
vegetation response, the magnitude of observed differences in erosion, soil moisture and
temperature patterns will likely affect vegetation patterns and local hydrology over time.
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INTRODUCTION
As the population density of trees and people continues to increase in piñonjuniper woodlands of the Southwest, these ecosystems have become the focus of
newfound management attention. Due at least in part to a lack of high-value resources,
piñon-juniper woodlands have historically received less research and management
attention than adjacent grasslands and higher elevation forest ecosystems of the
Southwest. As a result, understanding of fundamental ecological interactions and historic
conditions is limited and subsequently, restoration goals are difficult to define. Since
settlement, the woodlands have increased both in density and distribution, expanding
their range into higher-elevation forests and lower-elevation grass and shrublands.
Explanations for the observed expansion of piñon-juniper have included fire exclusion,
grazing effects, and climate fluctuations (West, 1984; Miller and Wigand, 1994;
Gottfried, 2004).
In response to woodland encroachment and degraded ecological conditions, a
variety of management approaches has been implemented over the last 50 years aimed at
restoring these woodlands and the ecosystem services they provide. From the 1940’s
through the 1960’s, management activities focused on tree removal to improve forage
conditions and increase water yield (West, 1984). Termed site or type conversion, these
projects frequently converted woodland to grassland. The overall conclusion of these
studies was that the potential for gains in water yield were poor and short-lived (Hibbert,
1979).
Evapotranspiration is the dominant mechanism of water loss in piñon-juniper
woodlands (Wilcox, 1994) and the removal of the overstory canopy shifts the ratio of
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evapotranspiration to evaporation, offsetting any water gains. The limited success, high
costs, and ecological impacts of treatments, including large-scale herbicide application,
led to the gradual abolition of type conversion projects in piñon-juniper woodlands. As
pressure on southwestern water resources grows, however, these same concepts are being
revisited under the themes of hazardous fuel reduction and ecosystem restoration instead
of forage improvement. The well-intentioned goal of management is to intervene to limit
human-induced ecological impacts but a growing body of evidence suggests that the
changing distribution patterns of these woodlands seen in the last century may actually be
part of larger trends that have occurred over millennia (Betancourt, 1987; Miller and
Wigand, 1994) and not the result of land use changes.
Piñon-juniper woodland is a widespread ecosystem, covering over 30 million
hectares of the western United States (Padien and Lajtha, 1992; West, 1999). Over three
million hectares exist in New Mexico alone (Gottfried, 2004), generally within the
elevation range of 1500-2000 m (Dick-Peddie, 1993). Across the broad ecosystem range,
multiple species associations exist. In New Mexico, the most common community
consists of twoneedle piñon (Pinus edulis) and oneseed juniper (Juniperus monosperma)
(Dick-Peddie, 1993). Junipers tend to dominate drier lower elevations while piñons
achieve higher densities in moister upper elevational areas (Dick-Peddie, 1993). Across
piñon-juniper woodlands of New Mexico, Utah, and Nevada, the climate is generally
semiarid and precipitation most commonly ranges between approximately 30 and 40 cm
(Leonard et al., 1986). Where edaphic conditions are suitable, maximum vegetal cover,
density, and productivity are achieved at upper elevations where precipitation is closer to
50 cm (West, 1984). Recent research suggests that mechanisms driving species-specific

6

and understory-overstory interactions involve a complex range of variables, including but
not limited to precipitation (Padien and Lajtha, 1992; Breshears et al., 1997a; Breshears
et al., 1997b; Kerkhoff et al., 2004).
Dryland ecosystem interactions are closely tied to hydrologic patterns from the
microclimate to the watershed scale (Breshears et al., 1997b; Kerkhoff et al., 2004; Loik
et al., 2004). The emerging field of ecohydrology is defined as the science which
describes the hydrologic mechanisms that underlie ecologic patterns and processes
(Rodriguez-Iturbe, 2000). Ecohydrology provides a framework to evaluate the effects of
mechanical fuel reduction activities on the dynamic interactions of water, soil, and
vegetation.
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HYPOTHESIS AND OBJECTIVES
The goal of this project was to investigate changes in soil and vegetation
characteristics following fuel reduction treatment of piñon-juniper woodland in central
New Mexico. Fuel reduction treatments are designed to reduce the risk of catastrophic
fire. Due to changes in land management, fire exclusion, climate change, and increased
residential development in fire-adapted ecosystems, the threat of catastrophic wildfire has
grown. Five of the ten most severe U.S. fire seasons, by area burned, have occurred since
2000 and seven have occurred in the past decade (NIFC, 2006). In response to these
record fire seasons, several national initiatives have been developed since 2002 to address
the risk of wildland fire to communities and the environment. With this federal emphasis,
there is increased funding for fuels reduction treatments, particularly in the wildlandurban interface (WUI) where people reside in close proximity to areas of potential
wildfire risk.
Mechanical fuel reduction treatments are commonly utilized within the WUI to
reduce the risk of crown fire. Most fuel reduction treatments consist of the removal
(thinning) of some small diameter shrubs and trees between larger trees to reduce fuel
continuity. In many local projects, biomass resulting from the thinning is applied as
mulch to the treated area in an effort to promote reestablishment of herbaceous cover and
as an efficient method of disposal. The objective of this study was to compare mulched
and un-mulched plots to evaluate differences in soil moisture, soil temperature, erosion,
and plant cover following a thinning project.
The primary hypothesis was that reduced tree overstory and increased litter depth
will improve growing conditions for herbaceous species on mulched plots. Soil moisture
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was expected to be higher and more persistent in areas treated with a layer of wood chips.
Soil temperature was predicted to fluctuate less under the woodchip mulch. As a result of
the soil changes, herbaceous species were expected to increase in abundance and
diversity in treated areas. Secondarily, erosion was predicted to be reduced in direct
proportion to the increased cover.
The data gathered through this investigation are intended to inform future
management of piñon-juniper woodlands. Land managers are tasked with reducing the
threat of catastrophic fire while meeting ecological restoration and conservation
objectives. Because mechanical thinning is a relatively new approach to fuels
management, managers lack reliable data about the implications of the thinning
treatment. This study aims to provide improved information about the ecohydrologic
effects of thinning prescriptions. As a result, managers may be able to improve the
prescription design for future projects to maximize treatment efficacy based on available
funds and management objectives.
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GENERAL SITE DESCRIPTION
The study site was located on the Bernalillo County Open Space property, Carlito
Springs, approximately 1.5 km northwest of Tijeras, New Mexico (Figure 1). Carlito
Springs sits at an elevation of approximately 2000 meters. The climate at the site is
semiarid mountain temperate. Annual precipitation averages 41.8 cm with 38% coming
in July, August, and September during summer convective thunderstorms (WRCC,
2007). Approximately half of the average annual precipitation takes place during the cold
season, between October and the end of March (WRCC, 2007). Annual snowfall in the
area averages 70.4 cm (NOAA, 2007).
Once known as Whitcomb Springs, the Carlito Springs property has been utilized
as a boy’s home, sanatorium, and resort over the last 100 years. There is also
archeological evidence of human occupation by Pueblo Indians dating back several
centuries (Berglund and Haines, 2002). The property was in private holding until 2000,
when it was purchased by Bernalillo County as part of the county’s Open Space program.
The property is currently managed as a field education and meeting center.
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Figure 1. Carlito Springs Open Space, project location denoted by star
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Carlito Springs lies within the East Mountain WUI where residential development
is interspersed with the margins of the Cibola National Forest. The Open Space property
is bordered by both private property and National Forest land. Across all boundaries,
drought and insect-induced piñon mortality has been very high in the area. The
abundance of standing snags, high tree density, and the risk of fire within the WUI were
of immediate concern to Bernalillo County when the property was purchased. In order to
mitigate the risk of fire on the property the county initiated the first thinning project in
2004. This effort was followed by a more extensive treatment funded by New Mexico
State Forestry in 2006.

SITE VEGETATION
This investigation was targeted at a 2.5 hectare hillslope within the boundaries of
the thinning project completed in June, 2006. The thinning removed about 30% of the
overstory vegetation. The study site is southeast-facing hillslope with slopes ranging from
25-50%. The overall shape of the study hillslope is linear with a slope length of
approximately 120 meters. Two small gullies run parallel to the hillslope and intersect
the study area.
The Carlito Springs study site is generally characterized as piñon-juniper (Pinus
edulis-Juniperus monosperma) woodland. The U.S. Forest Service (2004) classifies the
potential vegetation of the polygon where research plots were placed as oneseed
juniper/blue grama/black grama/New Mexico needlegrass. This classification represents
the predicted climax condition for the site and may not accurately reflect current species
composition of early or mid successional stages (Steuver and Hayden, 1996). Blue grama
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(Bouteloua gracilis) is indeed common on the hillslope but the potential vegetation code
description describes sideoats grama (B. curtipendula) as scarse or absent when in fact, it
is equally as common as blue grama. No black grama (B. eriopoda) or New Mexico
needlegrass (Stipa neomexicana) were observed within the study area. The shrub layer
dominated by oak (Quercus spp.), mountain mahogany (Cercocarpus montanus), and
skunkbush sumac (Rhus trilobata). Along the two spring-fed streams, adjacent to and
downslope of the study site, lush riparian vegetation thrives. Areas outside the influence
of the watercourses are arid ecosystems typical of the region.
The bark beetle (Ips confusus) outbreak during 2002 and 2003 dramatically
affected the project area. Piñon mortality in the area exceeded 90% and was in excess of
98% in some stands (Rogers, personal communication). Although a few mature piñons
have persisted within the research area the high beetle-induced mortality has generally
produced juniper-dominated woodland along most of the south-facing slopes of Tijeras
Canyon. The research hillslope is warm, dry, and steep, and soils are shallow so trees are
short in stature. The site is typical of similar locations throughout the piñon-juniper belt
of New Mexico. Mature junipers average about 3-4 m in height while the few mature
piñons average about 4-5 m. There is significant recruitment of both piñons and junipers
throughout the area.
Grazing has likely contributed to existing vegetation patterns at the site but no
records exist to document the history of grazing on the property. Sheep, goats, horses and
cattle were grazed in the general area, sometimes in high densities. Carlito Springs was
used as a stagecoach stop to water horses (Berglund and Haines, 2002) and it is likely
that there was some other historic livestock use due to the presence of the water source.
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Elk and bighorn sheep were introduced by the State Game Department to the Sandia
Mountains in 1937 and 1940 respectively (Fletcher, 1998) but no longer occur in the
Sandia mountains. Deer and rabbits are currently the most common herbivores on the
site.

HYDROGEOLOGY
Two springs occur on in the northwest portion of the Carlito Springs
property which feed small perennial streams. The smaller spring travels as a water course
for only a short distance before disappearing under the soil surface. The larger spring has
been plumbed to provide domestic water for the site and has been diverted into a series a
ponds that support a small population of rainbow trout. The unnamed streams are
hydrologically connected to Tijeras Creek and are within the Rio Grande surface and
underground basins (NMOSE, 2007).
In April, 2002, the discharge of the small spring was measured at 9.5 x10-5
meters3 second-1 (0.003355 cfs) and the discharge of the large spring was 3.3x10-3
meters3 second-1 (0.118 cfs) (Berglund and Haines, 2002). The current discharge of the
larger spring of approximately 8.0 x105 meters3 second-1 (50-60 gallons per minute) is
high compared to other springs in the region (Titus, 1980) but low relative to the output
measured at the site in 1963 of 4.8 x106 meters3 second-1 (300 gallons per minute)
(Berglund and Haines, 2002). Depth to groundwater was estimated in 2002 at
approximately 15 to 60 meters (Berglund and Haines, 2002).
The geology of Tijeras Canyon is complex due to the presence of fault zones and
extensive folding. The geology underlying the study area is generally made up of
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Pennsylvanian-age Madera formation and Quaternary-age alluvium. Where bedrock
consists of Madera limestone, solution-enhanced fractures and bedding planes may
contribute to increased permeability and productivity (Titus, 1980). Although the
characteristics are highly variable throughout the region, the Madera Group is the main
aquifer in the southern half of the East Mountain Area and hydraulic conductivity is
potentially high.
Much of the surface geology of the study site is characterized as Quaternary
alluvium (McCraw et al., 2000; NRCS, 2007a) which forms broad terraces above Tijeras
Creek. The alluvium consists of poorly consolidated deposits of fine-grained silty sand
with some pebbly sand and clayey sand interbeds. The clasts are chiefly rounded
limestone (McCraw et al., 2000). Although the springs have been significantly modified,
most of the rock in the vicinity of the springs appears as rounded clasts.
Travertine deposits dating from Pleistocene also occur in the area (McCraw et al.,
2000; NRCS, 2007a). The travertine mounds may be interlayered with mudstone and
conglomerate derived from local upland sources. The main house for the property was
constructed in the late 1800s with travertine blocks that were mined on-site.
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METHODS AND MATERIALS
STUDY DESIGN
Sample size determination began with a literature review that evaluated the range
of published values for the parameters in question. University of New Mexico Statistics
Clinic staff performed a sample size assessment using the published values and
determined that eight plots per treatment would be adequate for statistical analyses.
Plots were placed within a single soil mapping unit (NRCS, 2007a) and a single
potential vegetation polygon (USFS, 2004). Plots were paired according to similar slope
and aspect conditions. Using the Spatial Analyst tool in ESRI’s ArcGIS 9.0, polygons
were identified that met the criteria of having both a slope between 30 and 50 percent and
an aspect between 90 and 180 degrees. Approximately 25 points were placed within the
polygons using a random point generator extension in ArcGIS. The pre-assigned random
points were located in the field using a hand-held global positioning system (GPS). Plot
locations were adjusted so that each plot center would occur in an intercanopy area, at
least one meter from any tree canopy. Plots were also placed so they would not extend
into anomalous areas such as gullies.
Based on the length of the vegetation transects the effective diameter of the plots
was ten meters. Plots were placed within 10 meter patches that were relatively uniform in
their treated or control condition. Treated plots were those with wood chips applied over
most of the area. Control plots showed little woody material resulting from the
mechanical fuel reduction activities. Due to the limited accessibility of the site and the
nature of the equipment, wood chips were distributed in an uneven mosaic across the
hillslope. As a result, treated and control plots were interspersed across the project area.
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Final field plot locations were marked at plot center using survey whiskers, nails,
and a metal tag with a unique plot number. The location of each plot center was recorded
using the GPS. The location of the rain gauge was also recorded. Sixteen sampling plots
were distributed across treated and untreated control areas (Figure 2).

17

Figure 2. Plot locations
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GENERAL DOCUMENTATION
Photo points were established at each sampling site to provide visual
documentation of observed changes. In each season when vegetation measurements took
place, photos were taken in four cardinal directions from the center of each plot. Each
photo contains a label indicating the plot, date, and bearing. Plot photos are included in
Appendix A.

PRECIPITATION
Rainfall was measured onsite with two datalogging rain gauges. An Onset tipping
bucket rain gauge with a HOBO event data logger was installed on 27 August, 2006. The
resolution of the gauge was 0.25 mm (0.10 in.). A second rain gauge was added on 19
March, 2007. The Decagon ECRN-100 was added when the second round of soil sensors
was added in order to provide precipitation data compatible with the Decagon software.
The resolution of the Decagon tipping bucket gauge was also 0.25 mm (0.10 in.). All
measured precipitation data presented was obtained from the Onset rain gauge in order to
maintain consistency.
Average precipitation data was obtained from two different datasets. The oldest
records for the site were obtained from the National Oceanic and Atmospheric
Administration for the Tijeras (Sandia) Ranger Station (NOAA, 2007). The NOAA data
set extended from 1933 to 1974. More recent data for the period from 1971 to 2000 were
obtained from the Western Regional Climate Center (WRCC, 2007). Rather than
combining the two sets of precipitation data, the datasets are both presented individually
because climate trends may be better represented in the more recent dataset. Throughout
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the project, measured precipitation was also compared to observed values for the nearest
weather station currently collecting data, the Oak Flats RAWS station (University of
Utah, 2007) which is approximately 15 km away.

VEGETATION
The percent cover of overstory and understory vegetation was measured by
species and size class using a line-point intercept (Herrick et al., 2005). Any shrubs or
trees over 1 m in height were measured as overstory while anything less than 1 m in
height was classified as understory. The line-point intercept method was also used to
measure bare soil exposure and basal area. Two 5 meter transects were sampled at each
plot. The transect bearings were consistent across all plots. One transect extended from
plot center at an angle of 60 degrees and the other was placed at 240 degrees using a
compass held over plot center. During the spring 2006 measurements, survey whiskers
were placed to indicate the end point of each vegetation transect.
Vegetation measurements were taken at 10 cm intervals for a total of 50 points
per transect. Line-point intercept data were measured and compiled in three separate
cover classes. The total canopy represented the vegetation occurring at any layer. Upper
canopy was used to designate any shrub or tree species over 1m in height. If of sufficient
height, shrubs such as skunkbush sumac (Rhus trilobata) were included. Large tree cholla
(Opuntia imbricata) were also designated as upper canopy due to rainfall height and
shading effects. Lower canopy was used for any understory vegetation. Most of the lower
canopy consisted of forbs and grasses but shrubs could be counted as lower canopy if
they occurred beneath an upper canopy point. All vegetation was recorded using the four
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letter symbol or species code (USDA, 2007b). Woody litter was recorded as a separate
lower canopy layer and was distinguished from other litter such as leaves or needles.
Although recorded as canopy, litter points were excluded from all calculations of
vegetative cover.

SOIL TEXTURE
Two soil samples were collected once from each plot to conduct particle size
analysis. The characterization of soil texture across plots ensured homogeneity in erosive
and hydrologic soil properties. Samples were taken within .5 meters either north or south
of plot center to avoid vegetation transect locations. On treated plots, wood chips were
carefully moved aside to limit soil removal while revealing the mineral soil layer. At all
sites, rocks that were small enough to fit within the sampling cup were left in place and
collected along with the soil. Labeled metal sample cups 4 cm deep were pounded into
the soil with a hammer. A small trowel was placed under the cup and used to hold the soil
sample while the cup was turned upright. Each filled cup was immediately placed into a
labeled Ziploc bag and sealed. Each sample contained approximately 70 cm3 of soil.
Soil samples were weighed within 24 hours to determine an initial mass for soil
water content calculations. Samples were then dried in a conventional oven at 150o C for
3 hours and then at 38o C for 36 hours. Following drying, each sample was weighed to
the nearest 0.1 g to determine the dry mass of soil. Dry samples were then crushed by
hand within plastic sample bags, then transferred to a set of soil sieves and shaken back
and forth. The sieve numbers and corresponding particle sizes used in the analysis are
provided in Table 1.
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Table 1. Soil Sieve Sizes Used
Sieve #
5
10
60
120
230

Particle Size (mm)
4.00
2.00
0.25
0.12
0.63

The soil retained on each sieve was then weighed to the nearest 0.1 g using a digital
balance. The separation of silt and clay particles using a suspension technique was not
performed because the relative proportion of this smallest size class was minor and
further precision was not required within the scope of this investigation.

EROSION MODELING
For the purposes of this project, erosion was evaluated using a basic model rather
than through direct measurements of erosion. The basis for this decision was two-fold.
First, because runoff and erosion measurements are scale-dependent, rates measured on a
plot may not accurately reflect hillslope and watershed-scale patterns (Davenport et al.,
1998; Reid et al., 1999). Second, direct measurement of soil elevation under the mulch
layer would require the removal of the mulch to make each set of measurements. It was
assumed that soil disturbance caused by disruption of the mulch layer would prevent
accurate measurements of treated plots. Based on the level of uncertainty in the micromeasurements of soil elevation, a soil erosion model should provide coarse estimates of
soil loss at the hillslope scale that can be applied across treatments.
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A comparison of erosion rates on treated plots and control plots was developed
using a traditional erosion model. Despite its shortcomings and limitations the Universal
Soil Loss Equation (USLE) (Wischmeier and Smith, 1965, 1978) is still the most
frequently used equation in applied erosion studies. The equation is robust and simple
and has proven successful in predicting the average, long-term erosion on uniform slopes
or field units (Desmet and Govers, 1996). The USLE is a simple empirical model, based
on regression analyses of soil loss rates on erosion plots in the United States. The model
was originally designed to estimate long-term annual erosion rates on agricultural fields
but since its inception in 1965 (Wischmeier and Smith), the model has been applied
across a wide range of scenarios and various modifications of the original equation have
resulted (Renard et al., 1997; Brooks et al., 2003).
The USLE is designed to predict rill and interrill erosion only. It does not provide
estimates of sediment transport by gullies or channels of any kind. Estimates provided by
the model represent relative soil loss values rather than absolute values. The goal of this
approach is to provide information on the relative differences between erosion from
treated and control areas rather than accurate prediction of future erosion rates from any
particular area. The basic form of the USLE is given by:

A = R* K*(LS)*C*P
Where:
A = soil loss
R = rainfall erosivity factor
K = soil erodibility factor
LS = topographic factor
C = cropping management factor
P = erosion control practice factor
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In the modified soil loss equation (MSLE) (Brooks et al., 2003), the cropping
management factor (C) and the erosion control practice factor (P) are combined to create
a vegetation management factor (VM) which was used in this analysis.
Soil loss (A) is commonly given in units of tons per acre and is estimated as an
annual value. The values for MSLE parameters are generally derived from a series of
tables that have been developed based on field measurements of subfactors that influence
each parameter. Because the factors are based on English units, these units will be
utilized for all erosion calculations. The same R, K, and LS values were applied to the
entire project area and only the VM factor differed across treatments.

SOIL MOISTURE AND TEMPERATURE
In addition to the automated continuous soil moisture measurement, gravimetric
water content was calculated for each soil sample collected on 17 June, 2007 based on the
wet and dry sample masses obtained as part of the soil texture process. Soil moisture and
temperature were measured continuously with in-situ sensors attached to data loggers.
Two separate arrays of sensors were installed, one in fall, 2006 and the second in spring,
2007. In early October, 2006, three EC-20 ECH2O Dielectric Aquameter probes were
installed at existing plot locations. Sensors placed at plots 52 and 53 provided data on
control conditions and the sensor installed at plot 7 provided data from a treated or
mulched site. Sensors were placed within one meter of plot center but at least 0.3 meters
away from the center nail due to the interference of metal with sensor performance.
Sensors were also placed to avoid vegetation transect lines. The slope of the soil surface
at the exact location of each sensor was 15 percent. All three sensors were positioned
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with the flat edge perpendicular to the soil surface, with the top edge approximately 1.5
cm below the soil surface. Sensors were installed according to manufacturer guidelines
and care was taken to ensure that good soil contact was achieved without excessive
packing or compaction against the sensor.
The installation of the first set of sensors was completed and logging began 12
October, 2006. The sensors were connected to an Onset Hobo Microstation data logger
which logged the sensor readings at 10 minute intervals. Data retrieval took place using a
hand held shuttle device attached to the Microstation. The HOBO U-shuttle, also
manufactured by Onset, was then attached to the computer back at the office and data
files were transferred from the device to the hard drive. HOBOware Pro software was
used to interface with the shuttle device and after offloading, the software was used to
export sensor data into a Microsoft Excel format.
The ECH2O probes measure the dielectric constant of the soil in order to estimate
the volumetric water content indirectly. They do this by finding the capacitance or the
rate of change of voltage applied to the sensor once it is buried in the soil. Another
common type of sensor, time domain reflectometry (TDR) also measures dielectric
permittivity to obtain volumetric water content but the theory behind the measurements is
different. The capacitance technique used by the ECH20 probes determines the dielectric
permittivity of a medium by measuring the charge time of a capacitor, which uses that
medium as a dielectric (Decagon, 2007). Due to the method of measurement, properties
of the medium can affect measurement accuracy in older ECH20 models such as the EC20.
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In the near surface environment where the probes were placed in this
investigation, they were subject to fluctuating and extreme temperatures. The first data
downloaded from the HOBO Microstation indicated that the daily maximum soil water
contents were occurring at around noon each day. Since volumetric water content should
be at a minimum during that time, the time clock was checked carefully and determined
to be accurate. In order to verify that erroneous data was being produced as a result of
temperature sensitivity, an Onset 12-bit temperature probe was added to control plot 53
on October 27th, 2006. The temperature sensor was also installed approximately 1.5 cm
below the soil surface according to manufacturer instructions. Temperature readings
quickly confirmed that the EC-20 sensors were fluctuating with temperature and were
showing erratic behavior above 31o C.
The published accuracy of the EC-20 sensors is ± .04 m3/m3 or ±4 percent. The
resolution of the sensors is 0.002 m3/m3. The operating environment for the EC-20 is 0 to
50°C. Although many of the daily fluctuations of soil moisture were within the published
accuracy range of the sensors and the temperatures were within the published operating
range, the readings at high temperatures were completely unreliable. Based on the poor
performance of the EC-20 sensors, a replacement system was needed.
On March 19th, 2007, a second set of soil moisture and temperature sensors was
installed at the project site. Based on economic and data processing considerations, all of
the equipment for the second installation was purchased directly from Decagon Devices.
The sensor array was placed within the study area but individual sensors were not placed
at specific plot locations. Two EM-50 data loggers were installed approximately 22
meters apart (Figure 3).

26

Figure 3. Relative positions of Decagon EC-5 soil moisture sensors

Mulch 1

Control 1

3m

22m
Control 2
Mulch 2

3m

Two EC-5 soil moisture sensors were attached to each logger. The control sensor
was placed where no significant wood chips were present. The second sensor was placed
approximately three meters away under a layer of wood mulch. The depth of wood chips
at each probe was measured in calculating the fuel loading. The EC-5 sensors will herein
be referred to as Mulch 1, Control 1, Mulch 2, and Control 2 to reflect their relative
positions and treatment types.
Although the principles of measurement for the EC-5 are the same as the EC-20,
its two-prong design and higher measurement frequency allows the EC-5 to measure
volumetric water content from 0 to 100% rather than reaching a maximum at the
saturated volumetric water content. The EC-5 allows accurate measurement across a
wider variety of soil types and a much wider range of salinities. The EC-5 was deemed
superior for the near surface installation required for this investigation.
Two Decagon temperature sensors were also attached to each datalogger near the
soil moisture sensors, one in a control or bare soil patch and the other in a mulched patch
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approximately three meters away. The temperature sensors are accurate to nearest 0.25°C
at 0 to 50°C. An ECRN-100 rain gauge was also attached to one of the logging devices.
The EM-50 loggers initially collected data from the sensors at 5 minute intervals
and later at 30 minute intervals. Rather than using a shuttle device, the Decagon loggers
were outfitted with radio antennas. Using a laptop attached via USB cable to a RM-1
radio receiver, data were transmitted to a laptop computer sitting in a vehicle parked at
the top of the hillslope. The ECH2O utility software was used to manage downloading
and data processing activities.

28

FUEL LOADING
Although Browns’ transects (Brown, 1974) are the most accepted method for
assessing surface fuel loading, this method assumes that the fuel particles are round. Due
to the nature of the wood chips, a recently-developed method (Hood and Wu, 2006) was
used that provides better fuel loading estimates for irregular fuel beds. A square meter
quadrat was constructed with ¾ inch PVC plastic. The frame was placed over each EC-5
soil moisture sensor with the sensor as close as possible to the center of the frame.
Thirteen depth measurements were taken at regular intervals within the quadrat. Based on
the field measurements of surface fuel depth and the reported median bulk density of the
woody layer (218 kg m-3) (Hood and Wu, 2006), fuel loadings were calculated as weight
per unit area. Originally, the fuel loading was intended to be used to generate basic fire
behavior comparisons using BEHAVE software. However, following discussion with fire
ecology professionals, this approach was abandoned. BEHAVE relies fundamentally on
data generated by planar intercept techniques (Brown, 1974) and is not compatible with
the fuel loadings calculated for an irregular fuel bed.
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RESULTS
PRECIPITATION
Measured precipitation for the 12 month period from 1 September, 2006 through
31 August, 2007 was compared to long-term average precipitation from two different
datasets (Figure 4 and Table 2). The NOAA data set extended from 1933 to 1974
(NOAA, 2007) and Western Regional Climate Center (WRCC, 2007) data included the
period from 1971 to 2000. During the study period of August 2006 through August 2007,
precipitation varied significantly from historical averages during several months. Overall,
February through May, 2007 were also wetter than average. Precipitation was about
average in September and October, 2006 compared to both historical datasets. Measured
precipitation was significantly below average in November and December, 2006 and
January of 2007. Although the measured values for these months closely match the
precipitation measured at the Oak Flats RAWS station (University of Utah, 2007), neither
station is winterized so they do not provide reliable estimates of precipitation in the form
of snowfall. Measured precipitation was likely accurate for November but two large
storms occurred around the last part of December and the middle of February that
produced historic snowfall in the area. Unfortunately, NOAA equipment for the Sandia
Park station failed to record snow depth measurements during the 2006/2007 winter with
the exception of January, when 26.67 mm of snow were recorded.
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Figure 4. Measured precipitation compared to historical averages

Table 2. Departure of measured precipitation values from historical climate data
(mm)
2006

Data Source
Sep

Oct

2007
Nov

Dec

Jan

Feb

Mar

Annual

Apr

May

Jun

Jul

Aug

Measured

36.58

48.77

1.78

8.64

16.51

32.00

34.04

45.72

40.64

16.51

32.00

30.99

327.15

WRCC

62.99

67.06

38.35

34.80

26.42

14.73

23.11

23.62

16.76

12.95

47.50

49.78

418.08

Departure from
WRCC

26.42

18.29

36.58

26.16

-9.91

17.27

10.92

22.10

23.88

3.56

-15.49

-18.80

-90.93

NOAA

33.53

34.04

20.83

28.45

22.10

19.81

28.19

25.91

27.43

20.32

58.42

60.45

379.48

3.05

14.73

19.05

19.81

-5.59

12.19

5.84

19.81

13.21

-3.81

-26.42

-29.46

-52.32

Departure from
NOAA

Some of the most exceptional precipitation occurred during summer 2006 prior to
the installation of the rain gauge. Over 368 mm or almost 90% of the annual average
precipitation was recorded at the Oak Flats RAWS station during June, July, and August,
2006 (Figure 5) (University of Utah, 2007).
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Figure 5. Summer 2006 precipitation measured at Oak Flats RAWS station
compared to historical averages

Vegetation sampling was conducted seasonally so quarterly precipitation data
were also useful. During the year of analysis, the fall season from October through
December was the driest quarter (Figure 6). Precipitation was approximately equal in
summer (Jul.-Sept.) and spring (Apr.-Jun.). Approximately 59% of the moisture occurred
during the warm season, from April through October with the remaining 41% arriving
during colder fall and winter months.
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Figure 6. Measured Quarterly Precipitation
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VEGETATION
TOTAL CANOPY COVER
Based on three seasons of measurement, the mean total canopy cover for the
control plots was 37.1% and the median was 39.0%. The mean total canopy cover for the
treated plots was 40.1% and the median was 36.0%. Prior to statistical analysis, total
canopy cover data were tested using the Anderson Darling test of normality. The results
of the test indicated that data from individual seasons on treated and control plots were
consistent with the assumption of normality. Boxplots of the data (Figure 7) show
minimal outliers and generally normal distributions which confirmed the appropriateness
of parametric methods of analysis.
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Figure 7. Boxplots of Total Canopy Cover
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No significant difference was found between the percent total cover on control
plots versus treated plots (p = 0.54). A one way analysis of variance (ANOVA) was
performed to compare total canopy cover between treated and control plots in individual
seasons of measurement. Tukey’s method was used to test all possible pairwise
comparisons using a family error rate of .05. There was no significant difference between
treated and control plots in any one season.

LOWER CANOPY COVER
Based on three seasons of measurement, the mean lower canopy cover for the
control plots was 23.6% and the median was 20.0%. The mean lower canopy cover for
the treated plots was 28.6% and the median was 22.0%. Prior to statistical analysis, lower
canopy data were tested using the Anderson Darling test of normality. The results of the
test indicated some evidence of non-normality on both control and treated datasets. The
normality assumption was evaluated on those data by looking for extreme skewness, a
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large number of outliers, or heavy tailed distributions. Based on the graphical summaries
(Figure 8) rather than the formal test of normality, the lower canopy vegetation was
determined to be sufficiently consistent with the assumption of normality and parametric
statistics were used. There was no significant difference between the percent lower cover
on control plots versus treated plots (p = 0.30).

Figure 8. Boxplots of Lower Canopy Cover
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An ANOVA was performed to compare lower canopy cover across treatments
and seasons. There is no significant difference between the lower canopy cover on treated
and control plots in any season. As is clear from the boxplot, the only significant
difference in the lower canopy vegetation was the growth that occurred in both treated
and control plots during 2007.
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UPPER CANOPY COVER
Upper canopy estimates were highly skewed to the right because plots were
placed in intercanopy locations and many lacked overstory vegetation. Upper canopy data
were tested using the Anderson Darling test of normality and the results of the test
indicated evidence of non-normality for all six datasets. The standard ANOVA was
therefore inappropriate so log-transformation and nonparametric methods were used to
compare the population medians. The p-value for the Fisher test on the log-transformed
data was 0.95 and therefore, we failed to reject the hypothesis that the groups were the
same at the 5% level. The same conclusion was reached by performing a KruskalWallace ANOVA (p-value= 0.948) so no further comparisons were completed.
Based on the boxplots (Figure 9), there appears to be some increase in upper
canopy cover on treated plots while the cover on control plots remains relatively constant.
Upon examination of the data it appears that this difference may be explained by
changing overstory branch positions rather than overstory growth. Possibly due to deep
snow over the winter, mature junipers and juveniles of various woody species appeared to
change position between fall 2006 and spring 2007. For example, small branches
overhung transects in the spring but were not present in the fall. Although spring
transects were carefully placed according to compass bearing and compared to fall
transect data with regards to fixed position items such as bedrock or stumps, it is also
possible that a shift in the transect location could have misrepresented an increase in
overstory cover. However, these explanations likely do not explain the increased cover
from spring to summer. Transect positions were marked in spring with a fixed endpoint
and accumulated snow did not affect tree limbs during this time. There may have been
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some increased overstory growth on treated plots over the summer but the difference was
not significant.
Figure 9. Boxplots of Upper Canopy Cover
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BARE GROUND EXTENT
The extent of bare ground was significantly lower on treated plots than on control
plots. Based on three seasons of measurement, the mean bare ground exposure for the
control plots was 15.4% and the median was 12.0%. The mean bare ground exposure for
the treated plots was 1.8% and the median was 0.0%. The difference between population
means and medians reflects the right skewed distribution of the data. As evident in the
boxplots of the data (Figure 10), control data were determined to be consistent with the
assumption of normality using the Anderson-Darling test but treated data were not. In
order to create more uniform spread and make comparisons more reasonable, the data
were log-transformed prior to performing a standard ANOVA. According to formal
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normality tests, the log-transformed data still showed slight skewness but overall were
consistent with the assumption of normality.
Figure 10. Boxplots of Extent of Bare Ground
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The extent of bare ground was significantly lower on treated than on control plots
(p = 0.00) due to both litter and vegetation cover. Based on Tukey multiple comparisons,
the differences between treated and control plots were not significant in the fall.
However, as time went on there were significant differences in bare soil exposure
between treated plots in spring and summer compared to all seasons on the control areas.
This significant decrease in soil exposure on treated plots was likely due to the combined
effects of mulch movement and increased understory vegetation. As mentioned
previously, both control and treated plots showed significant understory growth between
spring and summer 2007.
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BASAL COVER
The basal cover was consistently low across all plots (Figure 11). The
distributions are skewed to the right because most transects did not contain any basal
cover. The presence of outliers provided further evidence of non-normality. The mean
basal cover for control plots was 1.3% with a standard deviation of 1.5. The mean treated
basal cover was 1.5% with a standard deviation of 2.1. Due to limited data, no further
analyses concerning basal cover were performed.
Figure 11. Boxplots of Basal Cover
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PLANT DIVERSITY
Plant diversity was based solely on line-point intercept data and therefore
provides a minimum estimate of diversity. Plant diversity analysis was limited to nonwoody plant species. Because diversity indices were based on relative frequency,
overstory shrubs and trees may have potentially skewed results. Differences in plant
diversity were also expected to occur predominately in understory species. All cacti
species encountered were included in diversity indices.
Along 48 transects measured over three seasons in treated plots, 39 species were
observed (species listed in Appendix 2). During the same period, 41 non-woody species
were encountered on control plots. Thirty species were common to both treated and
control plots. On control plots, the mean number of species observed was 12 (range 4 to
18). Values from treated plots were similar with a mean value of 11.25 (range 7 to 19).
The Shannon Index H’ was calculated on the basis of species relative frequency
using data grouped across the three seasons of measurement for treated and control plots.
The combined Shannon Index H’ for control plots was 3.60 and H’ for treated plots was
3.87. Calculated by season, H’ for control plots ranged from 2.99 to 3.10, with a mean of
3.03. On treated plots, the seasonal H’ was 3.14 to 3.39, with a mean of 3.24. Using a
two-sided t-test, the mean value for H’ on control plots was compared to the mean value
for treated plots. Based on the p-value of 0.148, there was no significant difference
between the plant diversity on control plots versus treated plots. Moderate plant diversity
occurred across both treated and control areas.
The treated areas showed a slightly more even distribution of species than the
control areas. The species evenness for control plots was 0.98 and for treated plots was
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1.06. In order to evaluate beta diversity and compare the similarity of the species
encountered in treated and control communities, Sorensen’s coefficient of community
(CC) was calculated. The plant species of control and treated plots are fairly similar with
a coefficient of 75% between the communities.
The relative cover of herbaceous nonnative species was compared using data
grouped across the three seasons of measurement for treated and control plots. Species
that could not be confidently identified at all stages were not included in the analysis. The
most significant among these omissions were Russian thistle (Salsola kali) which could
not be distinguished from dwarf ipomopsis (Ipomopsis pumila) as a basal rosette, early in
the season. The other relative cover data omitted from analysis was under the code
AMBRO, or unknown ragweed, which was used for another type of basal rosette that
could not be identified to species. Siberian elm (Ulmus pumila) seedlings occurred on
both treated and untreated plots but was not included in the nonnative cover assessment.
The relative cover of nonnative herbaceous species was similar with relative nonnative
cover on control plots of 15% versus 18% on treated plots.
SOIL
The soils within the study area are weakly developed and derived from recent
alluvial deposits of igneous and sedimentary rock (McCraw et al., 2000). The soil map
unit for the study site is a Rock outcrop-Orthids complex. The typical soil profile outlined
by NRCS (2007a) is stony loam within the top four inches of the surface, very gravelly
loam at 4 to 30 inches, and bedrock at 20 to 24 inches. The soils within the project area
are shallow, interspersed with exposed bedrock, and do not exhibit distinct horizons.
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Soil texture was analyzed at each plot in order to determine the homogeneity of
soil characteristics across the study site and to inform erosion modeling. Five size classes
were separated using standard sieves although only two size classes were required for
erosion model input. Individual size class proportions varied but overall patterns were
similar (Figure 12 and Figure 13). All soil samples had rock fragments present within the
sample which was consistent with the NRCS gravelly loam classification. The stony loam
classification describes the presence of stones 250-600 mm in diameter which were
avoided during soil sampling. The percent by weight of rock larger than 4 mm ranged
from 3.4% to 64% with a mean proportion of 24% (Figure 14).
Figure 12. Particle size distribution curves for soil samples
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Figure 13. Proportion of each soil particle size class by plot

Figure 14. Mean relative soil particle size classes across all samples
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Although there was a large range in relative proportions of individual size classes
across the plots, these differences did not changes the overall soil texture classification.
The most common soil texture class based on classification of individual samples was
loamy sand although samples were also classified as sand, sandy loam, and sandy clay
loam. For the purposes of this investigation, these differences were not considered
important since the overall hydrologic behavior of the classes is similar.
The most important question regarding soil texture data was whether the same
texture variable could be applied to both treated and control plots for the purposes of
erosion modeling. Soil texture classes used by the MSLE were coarser and showed less
variation across the plots (Figure 15). Using a two-sided t-test, the mean value for percent
sand on control plots was compared to the mean value for treated plots. Based on the pvalue of 0.841, there was no significant difference between the proportions of sand in the
soil of control plots versus treated plots.

Figure 15. MSLE Soil texture classes by plot
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EROSION
Erosion estimates were performed using soil texture data and cover data from line
point intercepts. The rainfall erosivity factor (R) is an index that characterizes the effect
of raindrop impact and the rate of runoff associated with the rainstorm (Brooks et al.,
2003). The R factor, 40 hundreds ft tonf in (ac h yr)-1, was determined from an isoerodent
map of the geographic location (SCS, 1977b).
The soil erodibility factor (K) can be expressed in terms of the fine soil portion
(<2 mm) as Kf or as Kw, the erodibility of the whole soil including surface rock
fragments. The NRCS soil survey (NRCS, 2007a) estimates Kf as 0.37 and Kw as 0.20.
Because K is a factor, derived from other factors, it is commonly expressed without units.
Soil texture data based on field samples, presented previously, was intended to
corroborate NRCS published values for K. Soil particle size analysis was performed on
two samples per plot or 32 samples. The most common method of determining K for a
particular soil is to utilize the soil erodibility nomograph (Wischmeier and Smith, 1978).
However, the high proportion of sand, with a mean value of 77.3%, in the field samples
was consistently outside the range of the nomograph. The only alternative for calculating
K, the soil erodibility equation, required that the percent clay be separated from the
percent silt. Rather than measuring the relative proportions of silt and clay using a
hydrometer technique, the published NRCS value for K was deemed adequate. The value
was determined to be appropriate based on the similar particle size value for the
published NRCS (2007a) data of 11-20 percent clay in the surface horizon and the mean
measured value of 15.9% silt and clay. Due to the abundance of rock fragments in and on
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the soil surface, the Kw value of 0.20 was applied in using the MSLE equation rather than
Kf which applies solely to the fine soil fraction of the profile.
The vegetation management (VM) factor is the ratio of soil loss from land
managed under specified conditions of vegetative cover to that of the fallow condition on
which the erodibility factor (K) is evaluated (Brooks et al., 2003). The VM or C factor
was based on the estimates generated from tables in the U.S. Soil Conservation Service
(SCS) (1977a) report. The minimum canopy cover value of 25% was selected based on
the mean upper canopy cover of 17.6% measured on field transects. The values obtained
from the tables applied to upper canopy and corresponding fall heights of either 2 or 4
meters. The mean percent bare soil with 95% confidence was between 0.8 and 2.7 for
treated plots and between 11.4 and 19.5 on control plots. Therefore, the 95-100% ground
cover category was used to estimate VM for treated plots and the 80% category was used
for control plots. Due to the anomalous character of litter resulting from mechanical fuel
reduction techniques, the litter layer categories in the SCS tables do not provide an exact
description of the site surface cover. As a result, the MSLE was calculated using all
applicable VM values (Table 3). The VM estimates for forest land that has been
harvested in the last three years are presented in one SCS table (Appendix 3, table 2) and
are divided into two surface cover categories, G and W, depending on the nature of the
cover. A separate SCS table (Appendix 3, table 4) contains VM estimates specific to
areas where site preparation techniques were applied. The drum chopped mechanical
preparation value was assumed to be similar to that of mastication which crushes wood
residue, incorporates some residue into the soil, and leaves strike marks as it reduces
biomass. Although not part of the treatment at Carlito Springs, mastication is sometimes
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used in place of chipping to reduce treated biomass. It is included here to demonstrate
that erosion rates resulting from the two different mechanical treatment options may be
quite different. The 80% cover of residue value provides a minimum value for the VM or
C factor. Lower percent cover by residue and poor soil conditions combine to generate a
higher VM value and subsequently, much higher erosion estimates for the treatment. The
choice of VM factor affects predicted erosion by treatment type (Figure 16).

Table 3. Descriptions of VM factors used in MSLE calculations (SCS, 1977a)
Category

Description

Treatment

VM

G

Cover at surface is grass, grasslike plants, decaying,
compacted duff, or litter at least 2 inches deep

control

0.013

treated

0.003

Cover at surface is mostly broadleaf herbaceous
plants (as weeds with little lateral root network near
the surface), and or undecayed residue
Drum chopped, 80% residue cover

control

0.042

treated
treated

0.011
0.03

W
Mastication

Figure 16. Soil loss (tons/acre) calculated using MSLE for a variety of VM factors
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A general estimate of predicted erosion on treated versus control plots was
obtained by taking the mean values of the results generated from two surface categories
(VM factors) for treated and control areas. Estimated erosion from control areas is
approximately 3.7 tons per acre compared to 1.0 tons per acre on treated plots. The
MSLE results indicate that where wood chips protect a portion of the soil surface, erosion
may be less than three times that of areas where no surface residue exists.

48

SOIL MOISTURE AND TEMPERATURE
SOIL MOISTURE
Temperature-induced error and other fluctuations made the soil moisture data
collected with the EC-20 sensors unreliable. Although no statistical analyses were
performed on the EC-20 data, general patterns in the data will be discussed relative to
other soil moisture findings. Graphical summaries of EC-20 data from 12 October, 2006
through 3 September,, 2007 are presented in Appendix 4. All statistical analyses of soil
moisture were performed on data collected by the four EC-5 probes installed in March,
2007. Based on visual comparison of monthly data, the soil moisture patterns observed
for the EC-5 sensors (Figure 17) appear to be similar to the overall patterns observed in
the EC-20 data (Appendix 4). In both datasets, soil moisture at treated or mulched sites is
consistently higher than that of control locations from March through August, 2007 with
the exception of precipitation events. However, it is worth noting that this pattern was not
consistent throughout the winter where volumetric moisture of control sites was
sometimes higher than that of the mulched site as measured by the EC-20 sensors. These
winter values were difficult to interpret based on freezing temperatures and the presence
of a layer of snow above the soil surface.
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Figure 17. Volumetric moisture content (m3/m3) for treated and control soil
moisture sensors for the period of measurement, 3/19/07 to 8/19/07

Based on the data for spring and summer 2007 collected by the EC-5 moisture
sensors, soil moisture was significantly higher on mulched sites than on control sites.
Values approaching 0% water content were more common on mulched sites than on
control sites during the summer. Total mean values for volumetric water content (m3/m3)
of the Mulch 1 sensor were compared to mean values for the Control 1 sensor, three
meters away, using a paired t-test. At the 95% level, the mean soil moisture of the Mulch
1 sensor for the period of measurement exceeds that of the control sensor, Control 1, by
approximately 0.07 m3/m3 (p = 0.00). Similarly, at the 95% level, the mean soil moisture
for the Mulch 2 sensor during the period of measurement exceeds that of the Control 2
sensor by 0.16 m3/m3 (p = 0.00). Because there are only two sensors being compared, and
there are outliers present in the sample of differences, the nonparametric Mann-Whitney
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procedure was also performed which confirmed the differences highlighted using the
parametric procedures.
For a detailed view of soil moisture dynamics a week following a single
precipitation event in June was selected (Figure 18). The event was chosen because the
soil was fairly dry prior to the rainfall. The rainfall was approximately 13 mm, delivered
slowly over a 7 hour period so most of the rain should have infiltrated and runoff was
likely minimal even from the bare soil of control plots. Less than a millimeter of rain fell
on 12 June and the rest of the period was dry. Although the precipitation on 11 June
resulted in similar soil moisture levels measured by the four sensors, the moisture level of
the Mulch 2 sensor, with the deeper mulch layer, remained higher than the other three
sensors. A two-sided t-test was performed to compare the daily means for each sensor
measured following the precipitation event. Even on the day of the rainfall event,
pairwise comparisons resulted in statistically significant differences in moisture levels
between each pair of sensors (p = 0.00). A paired t-test was used to compare the mean
daily soil moisture of the sensor, Mulch 1 to Control 1 and to compare Mulch 2 to
Control 2 on each day from 11 June through 18 June. There were significant differences
between each pair with p values of 0.00 for every pairwise comparison. Although the soil
moisture measured by the Control 2 sensor on 12 June exceeded that of the Mulch 1
sensor, it was significantly lower than the Mulch 2 sensor which was only three meters
away. Following 12 June, both control sensors exhibit rapid declines in volumetric soil
moisture levels and both sensors reach moisture values of approximately 0% water
content by about five days following the rainfall.
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Figure 18. Daily mean volumetric moisture content (m3/m3) for treated and control
sensors for the period of measurement, 6/11/07 to 6/18/07
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Gravimetric moisture analysis was performed on the 32 soil textures samples
collected and is presented in Appendix 5. Gravimetric moisture values represent a
snapshot in time of the soil moisture patterns across all 16 plots rather than the four
sensor locations. Soil samples were collected the afternoon of 17 June, 2007. The last
precipitation had occurred on 12 June, 2007 so the soil had been drying for
approximately five days. The mean value for gravimetric moisture on control plots was
compared to the mean value for treated plots using a two-sided t-test. Based on the pvalue of 0.111, there was no significant difference between the moisture content of soil
on control plots versus treated plots (Figure 19).
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Figure 19. Gravimetric moisture content (g/g) for soil samples from treated and
control plots
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This finding was compared to the EC-5 sensor data for 17 June. In contrast, the sensor
data (Figure 20) shows a significant difference (p = 0.00) between the values from the
two treated sensors and the two control sensors. The daily mean value for the treated
sensors was 0.18 m3/m3 versus a daily mean value for the control sensors of 0.00 m3/m3.

Figure 20. Volumetric moisture content (m3/m3) for treated and control soil
moisture sensors on 6/17/07

Volumetric moisture content (m³/m³)

0.25

0.20

0.15

0.10

0.05

0.00

Control

Treated

53

It is possible that the differences between control and treated sensors do not
accurately reflect differences between mulched and un-mulched patches across the study
site. However, an alternate explanation is also possible. The level of precision for the
gravimetric calculation is an order of magnitude less than that of the sensor data. The
control plots had a greater number of 0.0 g/g for gravimetric moisture (9) and no values
above 0.1 (Figure 21). The control plots had fewer values (7) of 0.0 g/g for gravimetric
moisture and three values of 0.2. A higher level of resolution may have highlighted the
differences between control and treated samples surrounding 0.1 g/g.

Figure 21. Dotplot of gravimetric moisture content (g/g) for soil samples from
treated and control sites
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SOIL TEMPERATURE
Soil temperature was evaluated based on data from the four Decagon soil
temperature sensors. Output from the single Onset temperature sensor is included on
graphical summaries from the HOBO data presented in Appendix 4 but was not included
in the analysis. Based on a visual analysis of daily mean values for the period of
measurement from 28 March to 5 September, 2007 (Figure 22), soil temperatures under
mulched patches were lower and less variable than temperatures in exposed, control
patches.

Figure 22. Time series plot of soil temperature (oC) from treated and control sensors
for the period of record, 3/28/07 to 9/5/07
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Temperature differences between mulched and control locations were most
pronounced when soil moisture was low due to the difference in heat capacity between
moist and dry soil. The differences in soil moisture between the treated and control
sensors from 11 June though 18 June, 2007 were presented previously (Figure 20). On 18
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June, 2007, once the soil had dried, the maximum temperature measured by the Control 1
sensor was 46.5oC. On that day, the difference between the treated and control maximum
temperature values for the Decagon sites 1 and 2 were 12.9oC and 19.8oC respectively.
These differences were similar to those observed on hot afternoons throughout the
summer months.
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FUEL LOADING
Litter depth was measured in a square meter quadrat placed above each pair of
EC-5 soil moisture and Decagon temperature sensors to provide a mulch depth
corresponding to observed differences in soil moisture and temperature. Mean litter
depths for control sensors 1 and 2 were 0.0 and 0.19 cm respectively. Mulch 1 had a
mean litter depth of 3.65 cm and Mulch 2 had a mean depth of 4.79 cm. Based on the
mean depth and a piñon-juniper bulk density of 218 kg m-3 (Hood and Wu, 2006), the
estimated fuel loading for the Mulch 1 location was 7.96 kg m-2 and for the Mulch 2
location was 10.44 kg m-2 (Figure 23).
Figure 23. Fuel loading (kg m-2) based on mulch depth at sensor locations
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DISCUSSION
FIRE AND FUELS IN PIÑON-JUNIPER WOODLANDS
The justification for mechanical fuel reduction activities involves both cultural
and ecological considerations. This research project investigated ecohydrologic effects
and discussion will therefore center on the ecological basis for treatment. Although the
investigation focused specifically on the effect of the wood mulch application element of
the mechanical treatment, this activity and its effects must be considered within the larger
ecological framework of reference conditions and restoration objectives.
Most discussions on the subject of thinning begin with a statement that
intervention is required because decades of fire suppression have created unnatural fuel
accumulations and as a result, unprecedented, catastrophic fire. Several recent record fire
seasons indicate that wildfire size and severity seem to be increasing but the reasons are
less clear. The direct relationship between suppression and increased fire severity has
been well documented only for dry ponderosa pine forests but the paradigm is guiding
management across most western forests (Schoennagel et al., 2004).
Fire regime is a concept central to fire ecology and subsequently, to restoration
ecology. The fire regime is made up of a number of factors including fire frequency,
intensity, extent, type (surface, crown, etc.), and seasonality (Brooks et al., 2004). The
fire return interval (FRI) is a measure of frequency that represents the average time
before a fire re-burns a given area. Intensity is measured in heat released per unit time,
frequently as BTUs. Fire severity may refer to the effect of the heat produced on biotic
and abiotic ecosystem properties or to percent overstory mortality.
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The fire regime of ponderosa pine (Pinus ponderosa) is perhaps the best
understood of all North American species. Estimates of FRI range from a minimum of
about 2 to a maximum of nearly 40 years, and there is widespread agreement that fires
were frequent and generally of low-severity (Richardson, 1998). The effects of fire
exclusion on forest structure are thought to be more profound in forests that previously
sustained frequent, low-intensity surface fires (Westerling et al., 2006) and it is likely that
fire exclusion was a primary cause of departure from historical conditions in ponderosa
pine forests.
In contrast, piñon-juniper woodlands are some of the most poorly understood
ecosystems in terms of fire regimes. With little or no information on natural FRIs, there is
little information to guide management activities in the woodlands. To compound the
problem, land managers are forced to combine the murky question of appropriate
restoration objectives with the practical realities of an increasingly populated
environment. In ponderosa pine forests, the two goals may be compatible but emerging
evidence of fire history in piñon-juniper woodlands suggests that there may be conflicts
between what’s good for the forest and what’s good for the homeowners that reside in it.
Determination of the natural fire regime of piñon-juniper woodlands has been
difficult due to the scarcity of fire-scarred trees. Baker and Shinneman (2004) conducted
a systematic review of studies that provided primary data of fire history and fire effects in
piñon-juniper ecosystems. They determined that the abundance of fire scars reflects the
abundance of low-severity surface fires. Where scars are rare, low-severity surface fire
was likely rare and high-severity fire may have been more common. However, they
caution that these statements only apply to those portions of the piñon-juniper belt that
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have been well-sampled. Much of the piñon-juniper ecosystem lacks reliable evidence on
the occurrence and frequency of low-severity surface fires.
Shifting boundaries of the piñon-juniper ecotones have been widely documented
(for example, Gottfried, 2004). The shift is often referred to as encroachment at the lower
elevational edge and fire exclusion is cited as a primary cause. However, Baker and
Shinneman (2004) found almost no direct data supporting the notion that frequent, lowseverity fire maintained ecotone boundaries for either woodlands or savannas. Betancourt
(1987) suggested that the changing distribution patterns seen in the last century may be
part of larger trends that have occurred over millennia and not the result of land use
changes. Heavy grazing is also often listed as an agent of fire regime change in piñonjuniper ecosystems (for example, Fletcher, 1998), the theory being that grazing tipped the
balance by removing understory vegetation which never fully recovered due to
competition from woody species. Conditions similar to historical accounts of “grass as
high as the belly of the horse” still occur in areas with shallow slopes and well-developed
soils. However, there is scant scientific evidence to support the theory that most piñonjuniper woodlands once supported lush understory growth. Also, in contrast to ponderosa
pine, piñon pines and junipers produce relatively small volumes of litter. Understory
fuels, either living or dead, must be sufficiently contiguous to carry a low-intensity
surface fire. In the absence of fine surface fuels, fires that spread beyond individual trees
were most likely wind-driven and spread from crown to crown (Romme et al., 2007).
Fire extent was greatest in higher density woodlands and was limited by both fuels and
topography in sparse, low productivity stands on rocky terrain.
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In a recent review of piñon-juniper disturbance regimes, Romme and others
(2007) subdivided the piñon-juniper cover type into three subtypes; persistent woodlands,
piñon-juniper savannas, and areas of potential woodland expansion and contraction.
These categories are helpful in separating the broad cover type into distinct communities,
subject to different climatic, topographic, and disturbance conditions. Some of the
previous assumptions regarding the impact of fire-exclusion or grazing may be
appropriate in savannas or areas of expansion and contraction but are not applicable to
persistent woodlands. The piñon-juniper woodland examined at Carlito Springs would
fall into the persistent woodland category, characteristic of rugged upland sites with
shallow, coarse-textured soils. Herbaceous vegetation within this community is typically
sparse, even in the absence of heavy livestock grazing. Research from persistent
woodlands provides strong evidence to support the theory that the natural fire regime of
piñon-juniper woodlands was dominated by infrequent but high-severity fires and FRIs
may have been on the order of 400 years (Baker and Shinneman, 2004; Romme et al.,
2007). These findings are in stark contrast to previous estimates of piñon-juniper FRIs of
30-40 years (Smith, 2000; Schmidt et al., 2002). The short FRI estimates were mostly
inferred from FRIs of adjacent ponderosa pine ecosystems due to the lack of physical
evidence. Those proxy estimates are now informing large-scale management
recommendations that assume that piñon-juniper ecosystems have deviated substantially
from historic conditions (Schmidt et al., 2002).
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FUEL TREATMENT AND BIOMASS REDUCTION
Mechanical fuel reduction treatments are increasingly utilized to meet dual
purposes of reducing the risk of crown fire within the WUI and returning piñon-juniper
woodlands to their natural range of variability. Depending on the nature of the stand,
mechanical fuel treatments can range from none to total, when they are used instead of,
or in conjunction with fire (Windell and Bradshaw, 2000). Most fuel reduction treatments
consist of the removal (thinning) of some small diameter shrubs and trees between larger
trees to reduce horizontal and vertical fuel continuity. It is important to note that
mechanical fuel treatments frequently do not reduce the loading or volume of fuel on the
site. Instead, treatments alter the arrangement of the fuel complex by removing ladder
fuels and increasing canopy openings.
Fuel reduction activities in piñon-juniper woodlands often require manual tree
felling with chainsaws due to accessibility issues. Manual cutting may also be preferred
because fuel wood is the most common harvest and it is not sufficiently profitable to
justify large capital expenses. A few contractors in New Mexico have begun to use
equipment such as masticators instead of cutting small diameter trees but this approach
seems less common. Unfortunately, no research has been compiled to summarize the
relative frequency of different fuel reduction techniques in the State.
The boles of cut trees are often removed from the site to be utilized as fuel wood.
The remaining slash, in the form of small trees and branches has limited economic value
and if removed from the site, increases transportation and disposal costs significantly.
Leaving the biomass onsite may also help to meet restoration objectives. One traditional
slash management technique, lop and scatter, has been the most widely used method in
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many areas (Windell and Bradshaw, 2000). In lop and scatter treatments, the slash is
manually distributed across the treated area. Lop and scatter treatments have been shown
to reduce runoff and sediment transport, increase infiltration, moderate soil temperature
fluctuations, and reduce evaporation (Jacobs and Gatewood 1999; Hastings et al. 2003).
Plant species richness and diversity has also increased following lop and scatter treatment
(Brockway et al., 2002). However, due to concerns regarding fuel continuity and crown
fire propagation, lop and scatter may be most appropriate for treated areas with light fuel
accumulations (Wakimoto et al., 1988). Fire risk and aesthetic concerns often preclude
the use of the lop and scatter method within WUI areas.
Another option for dealing with slash produced by thinning activities is to
physically reduce the material using equipment such as a grinder, masticator, or chipper.
These methods reduce the volume of the fuel and alter the arrangement of the fuel
complex but not affect the total fuel loading. Outputs from the various types of
equipment differ in terms of particle size and dimensions but generally, wood chips are
produced that can then be spread on-site or transported. There may be some differences
in fire behavior in the fuel beds resulting from the different equipment types and it
appears from this investigation that different treatments may result in large differences in
post-treatment erosion. The increased erosion caused by mastication should be
considered in the ecological and financial planning of treatments. At Carlito Springs, a
track-mounted chipper was used to provide optimal accessibility. Most chippers are
pulled behind a vehicle and access is limited mainly to roads. Chippers are utilized
extensively in WUI areas of New Mexico but based on conversations with regional fire
ecologists; these techniques are somewhat less common in other western states.
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APPLIED FOREST RESIDUALS AND EROSION
The results of the MSLE modeling within this investigation confirm that wood
mulch reduces erosion on a steep slope. This effect may be most important in intercanopy
areas where erosion is generally higher (Wilcox et al., 2003b) and may be especially
pronounced where patches of bare soil exist (Wilcox, 1994). The magnitude of erosion
reduction may also be due to the steepness of the measured site. Wilcox and Wood
(1989) concluded that the steeper the slope, the more sensitive erosion is to changes in
litter biomass.
High rates of measured erosion in southwestern woodlands have raised concern
over the long-term stability and productivity of these ecosystems (Wilcox et al., 1994;
Jacobs and Gatewood, 1997; Davenport et al., 1998) At Bandelier National Monument,
NM erosion rates for piñon-juniper woodlands have been estimated at 2.5 cm per decade
in areas where the average soil depth ranges from 10 to 12 cm (Jacobs and Gatewood,
1997). These unsustainable rates are presumed to have accelerated relative to historic
values.
Wood mulch is often assumed to limit soil erosion in woodland environments but
the magnitude and nature of these effects have not been quantified within the ecosystem.
Some research exists on the effects of lop and scatter treatments on erosion in piñonjuniper woodlands (Jacobs and Gatewood, 1997; Brockway et al., 2002; Hastings et al.,
2003) but the ecological effects of wood chip application are largely unknown. The
assumption that the wood mulch will reduce erosion is supported by a large body of
research from agricultural and roadside applications that document the benefits of
woodchips and other mulch materials for erosion control. Morgan (1986) found that
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generally, the rate of soil loss decreases exponentially with an increase in the percentage
area covered by mulch. Meyer and others (1972) found that a 1.5 inch depth, or 5.6 kg
m-2, of woodchips provided excellent soil stabilization and considerable grass growth
compared to other application depths on steep, highly disturbed slopes.
Mulch decreases soil erosion in several different ways. First, surface mulch
intercepts falling raindrops and dissipates their energy, preventing detachment of soil
particles. Mulch also protects the soil from surface sealing by raindrop impact thus
reducing runoff and increasing infiltration (Mannering and Meyer, 1963; Lattanzi et al.,
1974). The combined effects of dispersal of fine particles and the creation of the surface
crust can decrease infiltration capacity ten-fold and promote greater surface runoff
(Morgan, 1986). Wilcox (1994) found that even when runoff volumes were high during
the winter, erosion was minimal due to the absence of raindrop impact. Mulch also
provides surface roughness that reduces sheetflow velocity and encourages infiltration.
The positive responses of herbaceous vegetation following lop and scatter treatments
have been largely attributed to limited runoff and increased infiltration (Jacobs and
Gatewood, 1997; Brockway et al., 2002; Hastings et al., 2003). Slowing water down and
spreading it out limits the erosive force and the sediment transport capability of the flow.
The transport of soil particles by flow only occurs when runoff is generated but there is
an inconsistent relationship between runoff volumes and erosion rates (Wilcox, 1994).
Lastly, mulch protects soil from wind erosion, a significant but poorly quantified agent of
erosion in many arid lands (Morgan, 1986).
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TREATMENT EFFECTS ON VEGETATION
The effects of thinning treatments on ecohydrology can be grouped into two
categories according to the phases of the thinning project. Overstory reduction effects are
caused by the removal of woody species from the project area and the decrease in overall
canopy cover. Forest residual application effects occur only in prescriptions which
include on-site slash dispersal of some kind. The vegetation effects evaluated within this
study were limited to those related to forest residual or mulch application. Based on one
year of measurement, mulch application did not result in significant differences in
vegetation at any layer at Carlito Springs, NM. This finding was not consistent with the
hypothesis that herbaceous vegetation, in particular, would respond within the timeframe
of the project.
In the first treatment phase, canopy thinning shifted the limiting environmental
factors for the treated stand and instantaneously altered the growing conditions for
understory vegetation. Light is generally limiting in forests with nearly closed, dense
overstories, whereas soil moisture is limiting in ecosystems with relatively open
overstories (Breshears et al., 1997b). All measured plots occurred in intercanopy
locations within a treated stand and were approximately equally subject to increased solar
radiation at the soil surface following the removal of overstory vegetation. As expected,
the application of forest residuals as mulch buffered the wide temperature fluctuations of
the soil and increased soil moisture throughout all but the driest periods during the
season. However, these changes in the growing conditions did not produce measurable
changes in vegetation cover during the year.
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The observed differences in soil moisture and temperature regimes appear to be of
sufficient magnitude to cause changes in vegetation patterns, although one year may have
been an inadequate period to observe such changes. Because piñon-juniper woodlands are
water-limited environments, small changes in the water budget can dramatically affect
vegetation patterns (Wilcox and Breshears, 1994). Therefore, relatively minor changes in
soil moisture and temperature under mulched areas may affect vegetation patterns over
time. Vegetation measurements in this study were limited to percent cover based on linepoint intercept data. These techniques were expected to adequately measure growth of
herbaceous vegetation but did not quantify changes in biomass for either herbaceous or
woody vegetation. Existing research suggests that remaining woody trees and shrubs are
capable of accessing and extracting a high proportion of ‘new’ water made available
under the mulch layer.
Piñon and juniper are able to extract soil moisture under much lower soil water
potentials than many herbaceous species (Burgess, 1995; Linton et al., 1998). They are
also able to access soil water from both shallow and deep depths, in some cases
exceeding 6 meters (Foxx and Tierney, 1986; Williams and Ehleringer, 2000). There is
evidence that root growth of woody species may be preferential with additional roots
developing seasonally in the zones of highest water availability (Williams and Ehleringer,
2000). In desert shrub communities, root growth can make up 75% of the biomass
accumulation for an individual in a given year (Caldwell et al., 1977). The success of
woody species in exploiting temporally variable soil moisture suggests that they are
equally likely as herbaceous species to exploit soil moisture produced by the addition of
wood mulch.
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An increase in drought frequency favors deep-rooted woody plants (Schwinning
et al., 2005). Once woody plants become dominant, their long life spans and their ability
to extract both shallow and deep soil moisture can maintain a woodland condition
indefinitely (Burgess, 1995). Although this may be true at the watershed scale, various
disturbance mechanisms can cause significant changes in overstory structure. If
infrequent, patchy, stand-replacing fire is the natural regime for piñon-juniper woodland,
it follows that fire would essentially reset the successional clock for burned patches and
allow for at least temporary dominance of herbaceous species. Another key overstory
disturbance mechanism is insect infestation. The high levels of piñon mortality seen
across the Southwest since 2000 have dramatically altered canopy structure. As beetlekilled trees fall, they provide shading and surface roughness which would act somewhat
like wood mulch, slowing water down, spreading it out, and potentially limiting
evaporation.
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WATER BALANCE IMPACTS
The one-dimensional water balance equation provides a useful framework to
discuss the effects of thinning on hydrology within a semiarid woodland. The following
equation is applicable to inter-drainage uplands where the water table does not provide
water inputs for transpiration (Seyfried and Wilcox, 2006). Although this onedimensional approach does not calculate streamflow, it limits the variables to those most
important in considering the thinning effects.
The water balance (modified from Seyfried and Wilcox, 2006), during a specified
time period, for a volume of soil bounded at the top by the atmosphere and at the bottom
by an arbitrarily defined depth, can be written as follows:

∆S = Net soil water input – net soil water output = (P – I – Es - R) – (T + Dd)

(1)

Where ∆S is the change in soil water storage; P is the total amount of water deposited on
the plant canopy or soil surface (including litter) as rain or snow; I is interception or the
evaporation (or sublimation) of water from the plant surface; Es is the evaporation from
the soil surface; R is the net runoff volume; T is transpiration, and Dd is the deep drainage
or water that passes beyond the depth of the root zone to eventually become groundwater
recharge and/or streamflow. Evapotranspiration (ET) is the sum of interception (I),
evaporation (Es) and transpiration (T) and rearranging of terms leads to a simplified
expression:

P = ET + R + Dd

(2)
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Overstory thinning reduces interception (I) and increases throughfall of
precipitation (Huxman et al., 2005). Site conversion projects of the 1960s and 1970s were
based on the theory that tree removal would also decrease transpiration (T). Although the
amount of water reaching the soil surface is increased by reducing the overhead canopy,
the effect is balanced by increased evaporation (Es) that occurs due to the loss of canopy
shading. The importance of overstory shading was highlighted by the results from a site
conversion project in Beaver Creek, Arizona where increased water yield resulted only
from an herbicide-killed area where dead tree canopies continued to provide shade
following treatment (Baker, 1984).
In arid environments, potential evaporation can be many times greater than
precipitation (Huxman et al., 2005; Seyfried and Wilcox, 2006). In arid and semiarid
environments, evapotranspiration is roughly equal to precipitation on timescales longer
than seasons (Phillips, 1994; Kurc and Small, 2004). In semiarid grassland and shrubland
communities, Kurc and Small (2004) found that ET returns most of the water volume
from a given rainstorm to the atmosphere within a few days following monsoon
precipitation events. On the Pajarito Plateau of New Mexico, at similar elevations to the
Carlito Springs site, Class A pan evaporation far exceeded annual precipitation (Newman
et al., 1997). The high proportion of evaporation versus transpiration in semiarid
environments constrains the water yield produced by removal of woody species (Kurc
and Small, 2004; Huxman et al., 2005). Overall water gains from overstory thinning at
Carlito Springs were most likely balanced by water losses, affecting water balance
partitioning without significant changes in overall ET. Runoff volume (R) was also not
likely impacted significantly by tree thinning. Runoff is typically less than 10% of the
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water budget for semiarid environments except at higher elevation sites where it may be
closer to 20% (Wilcox, 1994). In semi-arid uplands, rainfall rarely exceeds the storage
capacity of the soil and subsequently, saturation-excess overland flow is uncommon
(Wilcox et al., 2003a). However, as soil moisture increases, soil infilitration capacity
decreases (Wilcox et al 1988) so mulched patches could produce saturation-excess
overland flow under some circumstances.
Runoff in semi-arid environments occurs most frequently as infiltration-excess
overland flow (IEOF) (Wilcox et al., 1997; Hornberger et al., 1998). This type of flow
was first described by the hydrologist Robert Horton in 1933. Also known as Hortonian
overland flow, this runoff occurs when the rainfall or snowmelt rate exceeds the soil
infiltration rate (Hornberger et al., 1998). The maximum rate of infiltration, or infiltration
capacity, is controlled by surface characteristics and soil properties (Brooks et al., 2003).
Rainfall intensity (Wilcox et al., 2003a), vegetation cover (McAuliffe, 1995), vegetation
pattern (Ludwig et al., 2005), and soil properties (Wilcox et al., 1997) have each been
identified as the principal driver of infiltration capacity and therefore runoff volume in
semiarid environments. Vegetation, litter cover, soil organic content, soil texture, soil
structure, compaction, presence of impermeable layers, and the presence of macropores,
all contribute to the infiltration capacity of a given soil. Due to the large number of
parameters that control infiltration, it is highly spatially variable, and runoff in semiarid
landscapes is often observed to decrease in proportion to an increasing scale of
measurement (Wilcox et al., 1997) due to runoff-runon interactions of intercanopy and
canopy patches (Ludwig et al., 2005).
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The most significant water balance impact from the thinning project was the result
of the second phase of thinning, mulch application. The discussion of mulch effects will
be based on the bucket model volume-balance equation which represents soil moisture
dynamics (Figure 24) (Rodriguez-Iturbe et al., 1999; Guswa et al., 2001). The validity of
applying root zone-averaged soil moisture values for semiarid environments has been
challenged (Kurc and Small, 2004) so discussion here will treat the soil reservoir as 0-5
cm in depth. This depth range is also appropriate here because soil moisture and
temperature data collected in this research were limited to this zone.

Figure 24. Schematic representation of soil moisture dynamics (adapted from
Guswa et al., 2001)
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As discussed previously, mulch affects soil moisture by decreasing runoff, increasing
infiltration (I), and reducing evaporation (E) under the mulch layer. The area between the
volumetric moisture curve of the mulched plots and the control plots (Figure 17)
represents a change in soil water storage (∆S) or a volume of soil water that was absent
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prior to mulch application. Although there is likely some effect of interception by the
wood litter and small rainfall events may be intercepted entirely, the effect of interception
is small relative to the large increase in soil water storage under the mulch layer. The
potential fate of this ‘new’ water in the system is either transpiration (T) or deep drainage
(Dd).
Vegetation, and specifically woody vegetation, will likely respond to the
increased moisture with increased growth relatively quickly and soil moisture increases
will decrease with time. Increased precipitation is most frequently balanced by increased
ET associated with increased net primary production (Le Houerou et al., 1988;
Ehleringer, 1995). Through physiological and population responses to moisture pulses,
native xeric vegetation may be capable of generating and maintaining low soil-water
potentials and eliminating deep drainage (Seyfried et al., 2005). However, in situations
where surface soils are shallow with limited storage capacity and subsurface materials
allow for the rapid movement of excess water, subsurface flow or deep drainage does
occur, even in semiarid ecosystems (Huxman et al., 2005; Seyfried et al., 2005). The
fractured limestone underlying the Carlito Springs study site would most likely be
capable of transmitting any water that moves below the root zone. Also, cool-season
precipitation more effectively generates Dd than warm-season precipitation (Seyfried and
Wilcox, 2006). Precipitation at the study site is approximately equally divided between
warm and cool seasons and Dd resulting from a wet winter may be greater and continue
for a longer period into the spring as a result of the mulch layer. As the mulch layer
breaks down and woody vegetation responds over multiple growing seasons, this effect
would diminish.
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CONCLUSIONS
Based on one year of measurement, wood mulch application following a fuel
reduction project in semiarid woodland did not produce significant differences in
vegetation cover at any layer. No significant differences were observed in herbaceous
plant diversity or the relative cover of nonnative species between mulched and unmulched patches. Increased soil moisture under mulched patches indicates a significant
change in soil water content which may support additional plant biomass or potentially
contribute to deep drainage beyond the root zone. Soil temperature was significantly
lower by as much as 20oC and also less variable under wood mulch. The observed
differences in soil moisture and temperature between mulched and un-mulched patches
will decrease over time as mulch breaks down and vegetation cover increases. Wood
mulch significantly reduced erosion on the steep slopes of Carlito Springs, NM.
Although no significant vegetation effects were produced by mulch application in
this project, these results should be approached with caution due to the short duration of
the study and the above average precipitation that occurred throughout much of the
research period. Observed differences in soil moisture and temperature patterns indicate
that wood mulch significantly alters growing conditions which will affect vegetation
patterns over longer time scales. Ongoing research is needed to determine the long-term
effects of wood mulch application throughout a wider range of precipitation regimes.
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